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Investisatlon of Thin Film 
Modulator for 10 Micron Lasers 

1.0    TECHNICAL REPORT SUMMARY 

1.1    Prograjn Objectives 

e.ita^
0theCt^e ^ ^i8 Pr0graJn iS t0 eXPl0re Vari0US ^dmiques utilizing GaAs 

um CO   it.'      ^S ^   I6 aCtiVe ^^^ f0r ^^oovilc modulation of the 10.6 
the uL Sthin fi^11;    Th%adVanJageS aS Wel1 as the Siting factors  concerning 
the use of thin fiibns to perfom phase and polarization modulation or switching of 
infrared laser radiation will be investigated.    The results of this prograTshfll 
provide usem infonnatlon concerning the possible use of GaAs thin ?i^sTo replace 

e^Hf^iVr eleCtrOOPtiC modUlation °f ^-red laser radiatio^ ^rth L     , 
results of this program may provide a guideline to the design of the master oscil- 
lator by taJcing the advantage of thin fliün modulator to yield the necessary wive 
enve ope and bandwidth required for the high power p^sed C02 laser ZZZ     Ir 

1.2    Major Accomplishments 

om.i rf fr ^^ P+
resent A^A/ONR research program (Contract NOOOI^TS-C-OOST)    pulse 

amplitude modulation of a lO-^m C02 laser beam in a GaAs electrooptic thin f 1^1 
been demonstrated (Ref. l) hy steering a guided-wave mode in the plane of the thin 
film.    Attempts were also made to Investigate  (Ref. 2) other modulation schemes by 
producing polarization modulation and switching of the infrared radiation In thin 
films      Preliminary results indicate +hat electrooptic modulation of the  infrared 
radiation is more difficult to accomplish with the latter two schemes!    Wetave also 
made a design analysis (Ref.  3) of a master oscillator,  which consist; of a stable 
C02 laser and a GaAs thin fiLn modulator,   to produce a sideband at the si or differ 

:nZ^lZ7Z HT KU"ba?    EffiCient elect-^ic ^-action LnTcLr   n a GaAs thin film between an optical guided-wave and either a traveling or a synchro 
nous standing microwave signal.    I* using a frequency modulated micSave  neld   a 
chirped optical signal in the sideband can be generated.    Within the freworkV 
the present program,   experimental data compiled to-date are sufficient provide a 

inS t .rrrfof thin ^waveguide ^^ ^^ ^ ^ices. ZULL 
indicate that electrooptic modulation of C0o laser by usin« a ^hin flim ^ / 

i^Shif ir TTV0 ^the —^°-l Z^T^lTtlTlTel^Z 
is within the reach of the present-day electronic components technology      A typical 
power reduction by a factor of 103 can easily be obtained by usir^ thfn fiL^vits. 
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1.3   Method of Approach 

1.3.1 Initial Program Plan 

The plan of the initial program was to explore the use of GaAs epitaxial thin 
films for electrooptic modulator devices that can provide various modulation formats 
suitable for and compatible with the operation of an optical waveguide.    These 
devices were fabricated by utilizing existing material technology and available GaAs 
epitaxial thin films. 

1.3.2 Revised Program Plan 

Based on experimental data compiled to-date, we believe that the replacement of 
active bulk devices for the modulation of 10-fim CO2 lasers with thin films is a 
practical approach.    This research program is now being redirected toward the demon- 
stration of efficient generation of a train of chirped COp laser pulses by means of 
a nonlinear interaction between a traveling microwave and a 10.6 fim guided-wave mode 
in a GaAs epitaxial thin film waveguide. 

l.k    Future Research Plan 

For the remaining portion of the present program,  efforts will be continued to 
investigate phase modulation of a guided wave mode in GaAs thin films by means of a 
super-heterodyne technique as described in Section 2.    Additional efforts will be 
made to investigate other optical coupling techniques including the use of laser 
interferometric techniques as described in Section 3.    Work on material growth and 
special handling techniques of epi-layers (Ref. 3), which will satisfy both the 
optical and microwave coupling requirements,  will be initiated.    Also some preliminary 
work involving the design and fabrication of a microwave cavity will also be made. 
This device will provide a test bed for the evaluation of microwave coupling tech- 
niques as described in Section 3, 

*i^^^M 
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2.0    IB THIN FIIM MODULATOR-PRE SEM' STATUS 

2.1    IR Thin Film Waveguide Structure 

GaAs epitaxial thin film structures suitable for use as passive and active 
waveguide devices at the 10-micron C02 laser wavelength consists of a low free 
electron concentration (N < 10l3 m^)  sirigle crys? ! thin filjn de      lted onto an 

N type GaAs Bridgman substrate with a N value - l(ß m'\    The use of doping pro. 
file to establish the index difference An between the epitaxial layer and the sub- 
strate is a good choice for lasers at longer wavelength.    Because of the large 
difference in free carrier concentrations the refractive index of W* GaAs substrate 
is depressed significantly below that of the undoped epitaxial layer by an ajnount 
given by 

An = 
2A 

e AN 

fl     TT2 2 
onTT mc c 

0 

(1) 

where AN is the difference in free carrier concentrations,  n the refractive index 
of the layer, m and e are the carrier mass and charge,   c is the velocity of light 
and e the pemittivity of free space.    For \ = 10.6 m,  the index difference 
between an undoped layer and a heavily doped substrate  (Ns = 1.6 x IO18 cm-3)  Can 
be as large as 0.3.    With such a large index difference,  a number of discrete modes 
can be excited and confined in a relatively thin film having a thickness of the 
order of one optical wavelength. 

Consider a waveguide structure as shown in Fig. 1,  which consists of a thin 
film of thickness t with refractive index ^ = 3.275 at 10.6 m and a substrate 
with no = 2.975 (N0 = 1.6 x lO^ö ^-3).    ^ mediuffl atove this ^ .s ^ wlth 

n2 - 1.    Let ßu represent the propagation constant of the mth mode.    We have cal- 
culated the ßjj/k value, where k is the propagation constant in free space, by using 
the analysis of Tien and Ulrich (Ref.  5).    Figure 2 is the plot of a waveguide 
thickness versus ß/k values for the TE and TM modes.    The dotted and the solid 
curve, represent the TE and the TM modes,  respectively.    For lower order modes,  the 
difference between TE and TM is small (degenerate cases).    As m > 2,   differences 
between TE and TM become more distinguishable.    Data shown in Fig.  2 provide the 
basic infomation needed for the design of various waveguide devices. 

Figure 3(a)  is a photograph of one of the large GaAs epitaxial layers.    The 
long axis  (110) of this thin fiLn element has a length greater than 1.3 inches 
In order to establish carrier concentration levels in the epitaxial layer,  both 
Schottky barrier measurements using a Copeland-type  (Ref. k) profiler to obtain the 
carrier concentration versus distance X from the surface of the layer,   and to a 
lesser degree.   Hall measurements were performed.    The essential idea of the Copeland 
technique is that if a constant AC current (Oü/2TT = 5 MHz) is applied to the reverse- 
biased metal-semiconductor structure,  the voltage at u, is proportional to X while 

tiMMM tm 
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FIG. 2 
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a generated voltage at 2UJ is inversely proportional to the carrier concentration. 
Through independent monitoring of the AC voltages and plotting these with respect 
to each other,   a carrier concentration profile results as the DC bias l.^vel is 
changed.    Correction tar edge-effect errors  can be made following profiling (Ref.   5). 
To prepare the Schottky barrier structures,  Au-12^ Ge was evaporated onto the lapped 
substrate side and alloyed to establish ohmic contact.    Gold evaporated onto the 
epitaxial layer and then subjected to standard photolithographic etching to define 
areas of metallization form the Schottky barrier.    Hall measurements were made on 
epitaxial layers deposited on semi-insulating Cr-doped Bridgman substrates (resis- 
tivity > 10    ohm-cm).    Photolithographic etching defined the Hall mesa,  and contacts 
were made with alloyed Au-12^ Ge evaporated onto the arms of the mesa. 

The electron concentration in heavily doped substrates (5 x lO1? cm~3 s N    ^ 
10l9 cm-3) was obtained by recording the IE wavelength of minimum reflectivity near 
plasma resonance  (Ref.  6).    Also,  the thickness of the epitaxial layer grown on these 
substrates was obtained using infrared interferometry via analysis of the fringe 
separations on the reflectivity-wavelength plot.    The electron concentration in 
material for which N0 < 5 x IG1? cm"3 was assigned on the basis of Hall measure- 
ments on ultrasonically cut Hall bars taken from nearby slices of the Bridgman 
boule. 

Figure 3(b)  shows the typical I-V characteristics of the Schottky barrier 
electrodes.    The reverse breakdown voltage,   in this case,   is over 100 volts and is 
a characteristic of the epi-layer surface quality and low free carrier concentration. 
Figure k shows a typical doping profile of the epi-layer (1-51-2A).    These results 
were obtained by Schottky barrier measurements for a number of points along the 
length of the layer.    Noted that the thickness uniformity of this layer is reasonably 
good to within ± 1 um over a length of 2.5 an.    The free carrier concentration in 
this epitaxial layer is < 10l^ cm"3.    Our vapor phase epitaxial system (lEP) has been 
producing small epitaxial layers (l. 5 cm in length) having a free carrier concentra- 
tion less than IQlS ^-3,    In these cases the built-in voltage of the Schottky 
barrier (with no applied DC bias)  is sufficient to fully sweep the layer of mobile 
charge.    For example,   in the case of a 35-^m layer,  the region beneath the Schottky 
contact will be fully depleted if N is uniformly 10l2 ^-3.    In such a case ^ 
profile results except for a thin region at the epi-substrate interface;  therefore, 
the actual carrier concentration in this layer can be surmised.    Another important 
aspect of high resistivity and low N GaAs epitaxial thin film is that for a fixed 
electrode area and a bias voltage,  the capacitance decreases almost exponentially 
with decreasing N of the epi-layer.    Figure 5 is a plot of the capacitance of GaAs 
epitaxial thin film having a constant Schottky barrier area (0.05 an2) as a function 
of reverse bias voltage.    For N = 12 cm"3,   the capacitance of a 1 mm x 3 cm GaAs 
epitaxial thin film would be 18 pF at a reverse bias voltage of 20 volts,  and ~ 10 
pF at 50 volts. 

^^^ MMMM MMtfBM 
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DOPING PROFILE OF GaAs EPITAXIAL THIN FILM 

FIG. 4 
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2.2    Electrooptic Modulation 

Attempts were made to perfom electrooptic modulation of the 10 M-m COp laser 
radiation in GaAs thin films.    The 10.6 Rn gulded-Wave modes have heen excited hy 
using either Ge prism or etched grating coupler.     In the following we shall discuss 
and present results on three types of electrooptic modulation involving either the 
amplitude or the phase variation of the 10 ^m guided-weve mode in electrooptic GaAs 
thin films. ^ 

2.2.1   Amplitude Modulation 

Amplitude modulation can be obtained by varying (l) the ellipticity of light 
as a result of a phase difference AT  tetween two orthogonal waves propagating along 
the waveguide,   (2) the waveguide index profile,  which has a value very near the cut- 
off,  and (3) the direction of propagation of a guided mode in the thin film      In 
all cases,  a Schottky barrier electrode is deposited on the surface of the epitaxial 
layer through a Si02 mask of the desired pattern,   and the N+ GaAs substrate is 
alloyed to establish a good ohmic contact.     Our calculations (Ref.  2)  show that 
optical attenuation through these thin fil^s in the presence of metallic electrodes 
is significant,  and the loss for TM modes is much more severe than that for the TE 
modes.    Our analyses also show that the loss varies as l/t3,  where t is the thicknesr 
of the waveguide.    To reduce the loss,  particularly for polarization modulation, 
where simultaneous excitation of two orthogonal modes is required,  the fiOjn thick- 
ness must be chosen not less than 30 ^m.    However,  for thicker fiLns the voltage 
required for electrooptic interaction becomes greater and more difficult  it  is to 
excite lower order modes. 

Experimentally we have excited a TE and a TM mode simultaneously in a 30 urn 
thick guide by placing a properly oriented CdS \A plate in front of the input 
grating coupler.    The radiation coupled out of the output grating coupler was 
analyzed by a wiregrid polarizer.    It was found that the intensity ratio 

^ = (^1=0.08 
TE      \ TE 

(2) 

t^i TT T+\    ™ in g00d a«reement Mith ^e calculated attenuation rates for 
the TE and the TM modes.    When a voltage V Js applied to the Schottky barrier elec- 
trode,  a phase shift AT between the TE and TM mode is expected to be 

^ ■ r\i f) (3) 

10 

^maM -U 
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where n is the refractive index,   r,     is the electrooptic coefficient and £ is the 
length of the electrode.    Assuming that the two guided waves at the output grating 
coupler having the form 

Emw = A„,sina)t TM       TM 

ETE = Vi^-^T) 

ik) 

it is straightforward to show that 

TM        TM\    ,      TETM/. Arv .  2Ar       . 
I" " A~ -T—T—d-cosAT) - sin AT = 0 

,  TE        TM/ TETM 
(5) 

If AT = 0,  Eq.   (5)  reduces to 

(6) 

The difference in ellipticity as a result of AT  mn be measured "by the cross teim; 

(7) 
2E    E 
^ ™ = si^ATd-cosAT)-1 

\E\: M 

For V = 50 volts, t = 30 ^m and -t = 0,5 an, Eq. (3) gives a AT value of O.lk  rad 
(= 8°). For AT = 8°, we obtain from Eq. (7) that 

2E E 
TE TM 

^TE^TM 
2 x 10 (8) 

which is a very small difference in ellipticity. 

During the course of measuring ellipticity, we observed pulsa amplitude modula- 
tion of light when a voltage pulse was applied to the Schottky barrier electroöe. 
But it was at first rather surprising to observe a large increase in pulse amplitude 
when both the analyzer and the X/U plate were removed.  It turns out that the observed 
pulse amplitude moduxatlon Is caused by beam steering (Ref. 1) of the gulded-wave 
mode propagating along the edge of the Schottky barrier electrode. A switching time 
of about 60 nsec has been obtained and Is United by the detector response. This 
technique has been used to obtain more than 12^ amplitude modulation of a COj laser 
by applying only 50 volts to an 20 »m thick GaAs thin film having a total interaction 
length of 0.5 en. 

11 I 
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Figure 6(a)  shows the waveforms of the applied voltage  (upper trace) pulse and 
the modulated light  (lower trace) pulse detected by the FbSnTe photodiode located 
about 10 cm away from the output grating coupler.     This light pulse disappears when 
either fche output grating coupler is blocked or the voltage pulse is removed from 
the Gchottky barrier electrode.    The voltage pulse,  which lias a risetlme less than 
10 nsec,  was measured by a FET probe with a ^0 dB attenuator at the Schottky 
barrier electrode.    The risetime of the modulated laser pulse is - 60 nsec  (lO'/o to 
90$) a response limited essentially by the response of the IE detector used in our 
experiment.    Figure 6(b)  shows a train of short negative-going pulses which appear 
only when voltage pulses are applied,  as shown by the upper trace of Fig.  6(b).    The 
chopped light pulse,   L ,  having a pulse width ~ 3.5 msec,   represents the unmodulated 
TEn mode intensity transmitted through the waveguide.    The intensity of the modulated 
laser pulses,   1^,  was found to increase linearly with increasing Vp and I. 

At V    =50 volts,  we have measured I^ as a function of detector position which 
was varied by scanning the detector element in the plane of incidence.    The aperture 
of this detector is 0.0018 cm2.    The results,   as shown by the dotted curve  in Fig.   7 
indicate that other modes have also been modulated by the applied E-field in a way 
similar to that observed for the TE-L mode.    The solid curve represents the unmodulated 
light transmitted through the waveguide.    These results along with the polarization 
analysis of the modulated laser pulses rule out mode conversion process  (Refs.  7,8), 
i.e.,  TEi -* TEA — TE.  -• TMj,   as a possible mechanism responsible for the  decrease 
of laser power in the presence of electric field.     Further investigation reveals 
that the negative-going pulse does not represent a loss of laser power,   in fact,   it 
corresponds to a beam steering of the guided TEi raode in the Plane of the thin fi-1™« 
By moving the detector element in the direction perpendicular to the plane of 
incidence,  we observed that the amplitude of tho modulated laser pulse  changes from 
a negative to a positive value with respect to the chopped laser pulse as shown in 
Fig.  8.    Simultaneous measurements of Lc and 1^ as a function of detector displace- 
ment along a line perpendicular to the plane of incidence are plotted in Fig.  9. 
The results show that the modulated beam ^s shifted away from the electrooptically 
active region by an angle a ^ 1.1 mrad for Vp ■ 50 volts,   and -t = 0.5 an.    It was 
"observed that the pulse amplitude of the modulated light is greatest when the 
guided-wave mode is propagating along the edge of the Schottky barrier electrode. 
The electrooptic change in refractive index for light propagating along the  (Oil) 
direction is 

A i 3     V 
^0 = " *" rUit 

(9) 

where n,   rl^ and t are the refractive index,   electrooptic coefficient and the thick- 
ness of the guiding film,  respectively.    The difference in refractive index between 
the active and rwnactlve region of the guiding film can cause the observed beam 
steering effect as a result of reconstruction of the wavefront of two plane waves 
having a slight phase difference AT ■ klAn£Q,  propagating along the edge of the 
electrode.    Based on this model we can qualitatively estimate the angle of deflec- 
tion or by the expression 

12 I 
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a 
I 
~AriE0 

o 
(10) 

where Uü0 is the beam width of the guide mode.    For V = 50 volts,  -t = 0.5 cm,  t = 
20 M-m and u)0 = 0.3 mm,  Eq.   (10) gives a deflection angle a =- l mrad,  which is in a 
good agreement with our measurements.    To measure the depth of modulation,  we first 
collect nearly all the transmitted power P^ with the help of a f/l germanium lens 
by matching the detector aperture with the radiation coupled out of the output 
grating.    When voltage is applied,  a decrease in the detector output which core- 
sponds to a maximum modulated signal Pm is obtained.    The measured ?„,/?+ ratio is 
about 12.8 percent at Vp = 50 volts.    Ify choosing £ = 1 cm and t = 10 ^m,  we 
^t :ünate that a 50^ depth of modulation can be achieved by applying 50 volts to 
this thin film modulator, 

2.2.2.   Intensity Switching Experiments 

Atcempts were also made to study the device characteristics of a thin film 
electrooptic switch as suggested by A.  Yariv (Ref.  9)  for the 10.6 Wn CO2 laser 
radiation.    The design of such a switch is based on the cutoff property of an 
optical waveguide.    If the index profile of the waveguide device or the index dif- 
ference An between the thin film and the supporting substrate is properly chosen to 
have a value in the proximity of the waveguide  cutoff Anc,   a small voltage applied 
to the device can induce a significant amount of electrooptic birefringence in the 
thin film that may be sufficient to switch a guided mode above and below its wave- 
guide cutoff.    The calculated Lnc value is plotted in Fig,  10 as a function of the 
thin film thickness,   t.    Results indicate that An   values depend critically on t. 
Thrse Gals epitaxial thin films of properly controlled thickness,   namely 18 Um,  22 
Wn and ?4 Um have been used for this study.    Each sample has been profiled by the 
Schottky barrier measurements described in previous sections and phase gratirigs have 
been etched into the epi-layers.    The structure of these weak waveguides consists 
of an undoped (Nf < lO^2 an-3) epl-layer,  grown on a low N(2.0-2.2 x 10*6 cm~3) sub- 
strate.    The Index difference between the film and the substrate as calculated from 

.Eq.   (l) is about 5 x 1Ü"3.    The cutoff value An, 
from the expression (Ref,  9) 

,2 

0,   for the TE0 mode can be calculated 

An m±jßX 
32n\t/ 

(11) 

and is found to be 2.2 x 10 -3 

Figure U shows the transmission characteristics of two samples having 
thickness 22 wn and 3U wa. These tranmlsslon data have been normalized with respect 
to the value of a typical strong guide having a large refractive index (An "- 0.3) 
between the guiding layer and the substrate. Results show that transmission through 
these weak guides (An * 10*3) mtkr  cutoff Is extremely poor and decreases rapidly 
as the thickness of the guide approaching the cutoff value t.« 
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V = 
For the 22 m guide,  the electrooptic change in index Aiv,- is 2,1 x 10"^ at 

20 volts.    Therefore the depth of modulation, 

in = 
An-An (12) 

at 20 volts is ahout 0.7 percent.    To increase the dopth of modulation,   the thickness 
of the guide must he further reduced to below 20 \m.    From the transmission data, 
however,   it is doubtful that a guided mode can be established in such a weak guide 
having a thickness so cl'-se tc the cutoff t. =" 15 \m.    Therefore we conclude that 
the scheme utilizing the waveguide cutoff is not very useful to obtain Intensity 
modulation of light.    At a first glance,   it appeared rather attractive,  but what 
one did not realize is that by operating the waveguide near its cutoff,   optical 
transmission decreases significantly and is affected critically by film Imperfec- 
tions.    For intensity modulation of C02 laser,  beam steering technique as described 
above proved to be the best scheme than either the polarization modulation or switch- 
ing near the waveguide cutoff.    The advantage of thin film waveguide device utilizing 
the beam steering of a 10.6 n-m guided-wave mode  in thin film over the conventional 
bulk modulators is obvious,    tore can be gained by using such a device to modulate 
lasers at shorter wavelength.    The improvement factor is expected to be proportional 
to lAs    At shorter wavelength",   one not only gains a better resolution but also 
a higher field strength by using a thinner waveguide.    The present modulation scheme 
is much more simple and convenient than the conventional phase modulation via thin 
films  (Ref.  10),  where a heterodyne receiver or an optical compensator is required. 
Experimental Investigation of phase modulation of 10.6 fun C02 laser radiation In 
GaAs thin film will be described in the following section. 

2.2.3    Phase Modulation 

Presently we are in the process of perfoming an experunent to investigate 
.phase modulation ( f the 10,6 um COg laser radiation in a Of As thin film.    This is 
an important experiment which should provide useful information directly related to 
our future plan for the generation of a sideband at the sum or the difference fre- 
quencies between an optical guided wave and either a traveling or a synchronous 
standing microwave. 

The phase change AT is given by Eq. (3), Taking t - 20 wn, -t, = 3 cm, a phase 
shift of rr radian can be obtained with an applied voltage of 120 volts. The power 
nonverted into the sideband can be approximated by 

E = E [j (AI )sin(u) t+r )j o    ox    '      x o      o 

+ J-(Ar)cos[(u) +ai )t+r ] 
1 o    Pi o 

+ J1(Ar)cos[u)0-(Hi)t+r0] 

(13) 

i 
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where UJ0,  u^ are angular frequencies of the optical and microwave signals and for 
AT < 1, 

J. (AT) - ^ - ^-+ 0(Ar) 
^ 2      2 2J 

(IM 

From Eqs.   (13) and (lh) we estimate that approximately 5 percent of the optical 
power will he converted into the sideband.    Assuming that a total 3 dB transmission 
loss through the waveguide,   one watt COg laser will give 50 mW microwave modulated 
output signal.    In the following we shall discuss in detail an experiment designed 
to measure AT, 

The most accurate way to measure the phase shift  in our laboratories is to use 
a super-heterodyne technique.    This technique involves the measurement of the phase 
shift of the optical radiation at rf frequency.    Figure 12 is a block diagram of the 
experimental setup.    A COg is incident into a Ge Bragg deflection cell.    A fraction 
of its power will be deflected with a up-shifted frequency by the amount equal to the 
frequency fa cf the acoustic transducer.    The undeflected beam is coupled into the 
GoAs thin filtr, modulator.    Upon application of a voltage V,   the phase of the radia- 
tion coupled out off the thin film modulator is then shifted by AT.    After a mixing 
of the two beams in a HgCdTe detector (or CuCte),  the output of the m-.xer contains 
a phase-shift signal at the rf frequency fa.    The amount of phase shift can be 
directly measured by using a vector voltmeter.    Figure 13 shows the Ge Bragg cell 
which has recently been fabricated and tested.    A LiNbO^ transducer,  which is bonded 
onto the surface of Ge Bragg cell,  provides a frequency up-shifted COg laser beam at 
fa =" 23 MHz.    Driving at one watt peak acoustic power,  this cell provides a deflected 
beam at a power level about 2^ of the incident power.    At this power level this sig- 
nal is more than sufficient, to be used as a local oscillator for the heterodyne 
receiver.    Figure 1^ shows a GoAs thin film modulator (1-51-2A) specially prepared 
for this experiment.    This modulator has a thickness ~ 17 tun and a 2 cm long Scliottky 
barrier electrode.    Results of this experiment will be reported in the final report. 
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3.0   OPTICAL AND KICROWAVl COUPLIIfQ 7£CHHIQUE8 

3.1   Optic«! Coupling 

3.1.1    Intro<iictlon 

Efriclent optical coupling Into and out of a tbln ftla waveguide play« an 
laportant role la Integrated optlca.    If vaveguld» ctevlceo are going to replace the 
bulk, techniques for obtaining efficient optical coupling must be developed.    Pbr 
the 10 MI COg User radiation, materials used for couplli« of evanescent waves are 
very limited.    Qe prisms can provide relatively efficient coupling (^ Wji), however, 
it Is more difficult and Inconvenient to use.    The difficulty is primarily owit« to 
the fact that cleavage of a single crystal GaAs thin fU« Is very easv to occur under 
pressure.    Rtase grating couplers (Bef. 10) on the other hand have been widsly used 
tor the visible laser radiation and couplers of this type are more conforming to the 
integrated optics concepts.    But the lade of photoresist matrr.'als suitable for IR 
radiation limits the use of grating couplers to only the etcLed groove type.   Theo- 
retical analysis of etched groove gratis has been worked out by Chang (Ftef. U). 
Techniques of tobricatlon etched gratli^s have been developeo at UARL and couplers 
of this type have been routinely used in our IR thin film work. 

3.1...' FbivurU Jc^pllnp 

Presently the optical coupling efficiency of etched grating in a GaAs thin film 
for 10-wa laser radiation is in the range from 10 to 20$ for a laser beam size varied 
from 1 to 5 nn In diameter.    Optical coupling is achieved by phase-nmtchir« an inci- 
dent laser beam from the air wit»* a guidsd-wave mode in the GaAs thin film.   The syn- 
chronous condition tor the first order diffraction is 

ß kslne ♦ ~ (m -0,1,2,...) (15) 

where L is the periodicity of the aratir«, k and ^ are propagating constants in air 
and in thin film,  respectively.    For a 20 wn guide,  B/k values for m - 0, 1, and 2 
are 3.26?, 3.191» and 3.125, respect'vely.    Equation (15) Indicates that for these 
e/k values, the values for L lie In the range from 3 to I» »m.    Etched gratings with 
a periodicity > 3 W» can easily be fabricated in GaAs thin film materials by photo- 
lithographic processer without relying on more sophisticated len-beam or holographic 
techniques (Ref. 12).    Theory (Ref. U) Indicates that the ccupllng efficiency depends 
critically on the mode order and also on the incident laier oeam size.    Figure 15 
«hows the calculated optimum coupling xor^th as a tautloa of the waveguide thickness 
for varlcui TE modes.   These results Indicate that tor optimum coupllr« efficiency, 
a coupling length (or beam size) greater than 3.5 «« is required for the TE], mode in 
a 20 no thick waveguide.   A coupling length greater than 6 on (not shown in this 
figure) Is required for the TE   mode. o 
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For all practical purposes,  the laser baam size must be kept less than 1 mm so 
that the area of the Schottky barrier electrode would not be too excessive.    As the 
electrode area increases the capacitance increases and the impedance decreases.    For 
wideband modulation,   it is difficult to design a rf network to match into a low (~ 212) 
impedance load.    For a coupling length 1 mm,   coupling efficiency in the proximity of 
10$ has been achieved and our measurements are in a reasonable agreement with the 
theory.    From the air side,  the optimum coupling efficiency for the TE0 mode excited 
in the forward direction is 27$ provided that a optimum coupling length ^ 1 cm is 
used.    Obviously such a large couplii^, length is not suitable for the design of a 
wideband thin film modulator. 

3.1.3    Backward Coupling 

One way to reduce the optlmim coupling length is to some extent,  to decrease 
the grating periodicity.    However,  the choice of coupling length is constrained by 
the phase-matching condition,   e.g.,  Eq.   (15).    If excitation is accomplished in the 
backward direction,  as shown in Fig, l6,  one can further reduce the value of L, 
bemuse in these cases the phase-matching conditions are: 

ß    = n sine + ~ 
mo L (from substrate)        (l6) 

and 

2TT 
ßm = r^slne + Y (from air) (17) 

Above discussion may be better understood by examining the allowed ranges of ß values. 

It was shown by Tien (Ref, 13) that there exists a number of modes for a given 
optical waveguide.    One is a finite set of discrete modes known as guided modes 
having propagation constants ßm where m = 0,  1,  2,   .   .   .    The other is an infinite 
set of continuous modes consisting of the so-called "air modes" and "substrate 
modes".    In the case of air mode  (0 s ß s k),  the field is propagating in both the 
air and the substrate region.    When k £ ß s r^k,  the field is evanescent in the air 
region and is propagating in the substrate.    Figure 17 shows the region where these 
modes occur and the range of ß values allowed by two excitation schemes.    Among a 
number of other possibilities.  Fig.  17(b)  shows the worse case whereas Fig.  17(c) 
shows the most efficient excitation scheme.    By choosing very small L values physi- 
cally it means that  (l) the gulded-wave mode must be excited in the backward direc- 
tion,   (2) the power diffracted to various orders as well as to modes other than the 
guided-waves can be eliminated,  and (3) the number of grooves is Increased for a 
given beam size.    In the case of GaAs thin film waveguide,  L must be smaller than 3 
M-m.    This raises the specification of the required photomask for photolithography 
one step beyond the stats of the art. 
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Urge apert-.rt (> 2 In) etched gimtlng« on 8«al conduct It« surfaces with uniform 
«peeing renglnp fra» 0.5 to a» he« been produced by Cheo end Bees (B»f# 12).   These- 
gretlnga were fonwd by e hologrea exposure of photoresist flla deposited on the 
sesilconducting surfsce.   The holognuc ves prodiced by edjustlng the engle between 
two Interferring Be-Cd User beems.    The choice of the Be-Cd User (khVSk) over 
other Users such es Ar* User (U880A) 1. to geln both the sensitivity et a lower 
wevelength end e longer »he rent lei^th. 

Our Ubormtory Is now equipped wr.h e Cd-Hs User which provides e single mode 
output over 100 mtf et W*6Ä.    Associated optlotl components such es bee. expender. 
be« splitter end spetlel filter ere on hand to produce the desired holr^grw greti^s 
on the photoresist flU (a»ipiey AZ1350).    The photoresist fiU can be spin-coated 
on the OaAs thin fiU surface or on the low-resistivity QaAs substrate.    The usual 
setter-etch technique will be used to fabricate the gratings.    Hgure 16(a) shows 
t.« excitation of a guided mode by means of backward coupling from the substrete 
side into a thin flU whose surface is etched«   To evold excessive o.tical Ions in 
the substrate die to free carrier absorption (o » 50 m"1 for M •• 10^ OB"1)   a 
window will be opened in the substrate Umediately below the grating couple/by 
etching away most of the low resistirity material.    Surfece reflection Uss win be 
essentially ellBlnated by means of enti-reflection dielectric coeting.    The esti- 
mated ebsorption in a 5 Mm substrate layer is 3 percent.    Unifom etching of a large 
volume of material can be achieved by using e pUeme anodlsatlon technique, which 
enhances the usual sputter-etching rate signlflcently.    it is possible to control 
this process for removing the substrate material to within a 5 um distance from the 
active thin flU. 

Figure lfi(b) shows an alternative approach.    In this case, the grating win 
be fomed on the uibstrate and It will then be covered with an epitexiel thin f Om 
layer.    This case is equivaUnt to that as shown in Pig. 17(c).    The high refiactlve 
index of the flU eliminates the possible excitation of other spurious modes when 
incident beam engle is chosen to phase-match a desired guided mode of the thin f IU. 
The phase-matching condition in this case is given by Eq.  (IT).    The calcuUted 
coupling efficiency is 81 percent for the exciUUon scheme as described ebove. 
Lxperlmentally, we expect to obtain a 3 dB coupljr by using either one of the two 
schemes as our goal. 

Progress has been made in the growth of high resistivity OaAs thin flU on a 
M+ OaAs substrate with the etched grooves.    Pigure 18 shows some of the recent results. 
Pigure 18(a) shews the Interface between t high resistivity OaAs thlr fiU and If* 
OaAs substrate and Pig. 18(b) Shows the etohed groove grating with a periodicity 
L ■ 3.5 twn separating the epi-Uyer and the substrete.    It is encoureglng to see that 
the presence of etched groove does not eppeer to interfere with U« growth of good 
quality OaAs thin flU.    Work is still m progress to meke 2.5 «m gratings on H+ 
OaAs substrate by meens of holographic technique.   The growth of high resistive thin 
flUs on these substrates will chen be attempted.   These reeults and the optical 
coupling data will be Included in the tlml report. 
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3*2   Microwave Covjpllng Tedinlques 

3,2,1   Introduction 

An efficient mr.dulating technique for generetlr« 16.3 OHz sidebande on the IR 
carrier require« tbat the available mlcrcwave energy be concen*-ration in the thin 
f 11» electrooptlc wnveguide.    However, the crose sectional diaenalona of ehe elec- 
trooptioal waveguide are very much aaaller and different In aspect rat'.o than con- 
v nUonal t-lcrowav» transaission lines.   The Isipli cat loan of these facts and workable 
solutions will be discussed subsequently.    First we will review the general inter- 
action problea in terms of obtaining strong levels of sinusoidal phase modulation 
(n radians) with efficient use of microwave power. 

The simplest type of electrooptlc modulator is depicted schematically in Fig. 
19(a).   The accumulated phase shift is proportional to the electric field strer^th 
and the time spent by a differential section of the light beam in traversing the 
period of the mo&datlne signal, then alternating positive and negative increments 
In modulation tend to cancel one another with little net modulttiou result it«. 
Therefore,  the short transit time condition,   indicated In Fig. 19(a) forces the use 
of undesirably high modulating fields and levels of microwave power.    A high Q 
resonator could enhance the electric fields in a short transit-time modulator at 
the expense of useable ban<*Hth arouid the moAilatit« frequency. 

Or* technique for reducing the modulating field strei^th is to use an extended 
Interaction region in which a synchronous condition exists between the light beam 
and a traveling wave modulating electric field (Ref. lU).    This is depicted in Pig. 
19(b), where the phase velocity of the traveling wave (microwave sigtul) is adjusted 
to be identical to the velocity of the light beam.    Urns, each differential section 
of the light beam will continue to experience identical increments of modulation 
while traversing the entire mo&dator.    More specifically the increments are deter- 
mined by the phase at which the section of the beam enters the modulator.    The Inter- 
action time can now be many times greater than the period of the moftilating signal. 
One limitation on interaction time or transit-time, of course, would be the attenua- 
tion experienced by the microwave signal and another the attenuation experienced by 
the optical signal.    (The attenuation of the light beam has jeen measured (Ref. 2) 
to be approximately 0.1 oa'1 for the TE modes in a thin film sandwiched b«tWMn two 
metallic walli*.) 

The attenuation of the travelir« wave microwave sigiml can be overcome in 
practical situations by using a transverse feed and generatir« a standlr« wave (or 
psuedo-standing wave where significant attenuation exists) along the modulator. 
Th:s is depicted in Fig. 19(c) where the standlt« wave is setup by drlvii« the lor« 
modulator at the points marked A,  the position at which voltage Mxima occur.    Since 
the electrooptlc moAOation technique is linear,  simple addition of the modulating 
effects due to the two components of the standing wave may be considered separately. 
The net modulation is then the arithmetic sum.    The transverse line feed spaclr«s can 
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be adjusted so that the forward compcnent of the standing wave is synchronous with 
the light yieam.    The forward wave contributed modulation is  discussed above,    How- 
evere,  the backward wave,   relative to the light beam,   interacts periodically fuch 
that for each half of a microwave period the net modulation is zero.    Thus,   if the 
line length is a multiple of X/2,  the phase modulation incurred is as though only 
the forward traveling wave exists.    Because of the nature of feeding the line tranc- 
vwely,  some bandwidth narrowing exists. 

The traveling wave interaction structure may be incorporated into microwave 
resonator utilizing a traveling wave resonator (or ring resonator).    This is a well 
known technique for obtaining a higher power level in a traveling wave than is 
available from a particular microwave source.    The traveling wave structure of Fig, 
19(b) would be inserted into the ring resonator as shown in Fig, 20,    A directional 
coupler is used to drive t'ft ring resonator where the value of coupling must be set 
to an optimum value determined by the losses in the ring.    The larger the losses the 
smaller the power gain is expected, 

3.2,2    Synchronous Traveling Wave Structure 

fhe phase velocity matching conditions are of prime importance in this work. 
Since the modulator is only 5 or 6 microwave ''avelengths long some difference can 
be tolerated without series degradation of phase modulation.    To correct for an 
anticipated difference of some 7^ additional layers of low dielectric constant 
material will be used.     If spurious effects requires a slower velocity,  periodic 
loading of the line will be employed. 

The dimensions of the thin-film optical waveguide lead fc.o unusual parameters 
for the microwave waveguide.    Because the dimensions are small, the active region is 
best treated as a narrow gap region of a microwave ridge-waveguide.    The microwave 
waveguide is sketched in Fig. 21.    The impedance of the waveguide is determined 
primarily by the parameters of the gap.    Thus the characteristic impedance of the 
waveguide is calculated approximately from 

Z    S: 
o 

377^ 
e   w (1 ) 

to be 2.26 ohms (for W = 1000 lim, h = 20 wn, and/c = 3.5).    The air filled gap, 
with the same dimensions,   immediately in front of the modulator Is 7.5I* ohms.    An 
intermediate k/h matching line may be Included between these two sections by split- 
ting the ridge Into two narrower sections as shown In Fig, 21 by tie section B-B, 
This construction,  In fact,  takes advantage of the metal that must be removed,   In 
any case,  frcn the optical fe-ating region.    The X/U section would be only 0.013 cm 
long for the GaAs.    Several additional X/1+ matching sections are shown for raising 
the inp; - and output Impedance levels to values compatible with standard waveguide 
or coaxial transmission lines.    These impedance matching transformers are designed 
by well known techniques (Ref. 15).    Since they are of higher Impedance values,  these 
losses will be relatively insignificant. 
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FIG. 21 
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The small dimensions of the gap filled with QaAs, 20 ito, will require that a 

high degree of precision and surface finish be aalntained in this structure In order 

to minimize transmission line 1^sses. If the semi-insulated QeAs is backed directly 

with a metal such as copper the attenuation is calculated to be l,k2  dB per cm or 
.71 dB per wavelength. This level of attenuation is not prohibitive. One choice 

for fabricating the optical waveguide leaves a thin layer (2 to 5 ^m) of n+ GaAs 

substrate. This layer will increase the losses; however, since the skin depth in 

n+ GaAs is 20 |j.m and the layer is backed by a metallic surface, these losses will 
not become excessive. 

We will next examine the conditions required to provide the required total rf 

voltage swing of 20 volts peak to peak. This corresponds to an rms value of 7 volts. 

With a pure traveling wave in the 2.26 ohm GaAs filled ridged waveguide, neglecting 

attenuation, the power required is nominally 22 watts. Since the attenuation per 

centimeters is 1.1+2, the total attenuation for the desired 3 cm of length is k.26 

dB. This attenuation requires an increase of the input power to approximately 32 

watts. The corresponding dissipated power is 20 watts. Fortunately this power Is 

entirely dissipated at the metallic surfaces where heat removal is relatively direct 

and simple. The power dissipated in bulk of the GaAs is negligible. 

The losses in the traveling wave structure are such that the use of a traveling 

wave resoruvtor would not be effective in raising the ring power level significantly 
above that of the power directly available. 

3.2.3 Synchronous Standing Wave Structure 

We next turn to the transverse driven optical modulator. This is sketched in 

Pig, 22. The modulator is located at the end of a tapered wide ridge waveguide with 

its long axis perpendicular to the direction of propagation there. The single ridge 

is divided into 5 separate ridges that contact the modulator material at five posi- 

tions spaced one wavelength apart. Each ridge section will carry approximately l/5 

the total power. The metallized modulator material itself forms a transmission line 

oriented perpendicular to the driving waveguide. In order to excite a standing wave 

in the modulator material the metallized portion ends in open circuits as shown in 

Fig, 22, The ridges contact the modulator at standing wave voltage maxima positions. 

Thus the five driving ridges reinforce a natural standing wave pattern along the 

modulator. If the power split between the ridges is unifom, because of symmetry, 

the one ridge may be studied as a typical element as shown in Fig. 23. The modula- 

tor section considered as the typical cell, consists of two open-circuited X/2 
sections of transmission lines in parallel. 

The requirements for operating the synchronous standing wave configuration with 
the 2.26 ohm modulation line are calculated from Fig. 23. Each of the two V2 sec- 

tions of open circuit line present a high Impedance at the driving terminals. At the 

center frequency the value of each is 53 ohms of shunt resistance due to lines losses. 

Since only the forward wave is effective in modulation, the desired voltage of the 

37 



M921513-2 
FIG. 2? 

Z 
g 
< 

O 

z 
o u 

> 
< 

z 
Q 
Z 
< 

co 
00 
D 
O z 
o 
OC 
X 
u 
z 
> 
(0 

fSSSSSSi 
TT 

1 i 
i, 
i i 
i i 

l 

I 

— 
UJ 
DI 

38 



M921513-2 
FIG. 23 
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forward wave is 7 volts rms as was discussed earlier,    Thas the peak voltage at the 
driving point (Fig. 23) will be lU volts and the power dissipation in a single sec- 
tion (two transmission lines) is 7.^ watts.    For five sections the total dissipation 
is 37.0 watts.    The impedance presented to each    riving line is 26.5 ohms and the 
effective impedance of the five parallel sections is 5.3 ohms.    The Impedance levels 
in this configuration are more favorable then for the straight traveling wave 
structure discussed earlier. 

The circuit configuration does result in additional storage of microwave energy 
with the result that the operating range of frequencies is reduced.    The operating 
band may be calculated by estimating the Q of the circuit,  again utilizing the equi- 
valent circuits shown in Pig. 23.    The stored energy in one transmission line is 
calculated approximately from (Ref, 16) 

U = nP 
f 

(19) 

where k? is the nominal power in one component of the standing vave in the resonator 
and n is the number of half wavelengths (n = 1 for the circuit model in Fig, 23), 
The value for internal Q (no external load is used in this case) is calculated from 

WU P 
Qj  = — = 2n — 

1   pd      pd 
(20) 

to be 12, The value of loaded Q, which deterained the operating 3 dB bandwidth, 
under matched conditions is 6 and the corresponding operating bandwidth is then 
2.75 0Hz. 

Some preliminary work involving the design and fabrication of a microwave cavity 
is now in progress.    The microwave structure for evaluating the electrical properties 
of the modulator is shown in Pig, 2k,    It is essentially a ridge waveguide with the 
modulator material placed in the narrow gap between the ridge and the ground plane. 
The purpose of these experiments is to determine an optimum structure for efficient 
coupllk^ of microwave power inU the GaAs sample.    The dimensions of the gap in the 
ridge waveguide are the same as the optical waveguide.    In these experiments the 
ridge section becomes an open circuit transmission line connected to a 50 ohm input 
line.    Impedance measurements over a range of frequencies referenced to a plane 
established at the input to the ridge section will yield data on attenuation and 
effective wavelength.    This information in turn wiU allow Impedance transformers to 
be designed for the efficient coupling of power and will suggest possible modifica- 
tions in the structure.    A similar structure, with the sample removed,  will be used 
to determine similar information on air filled ridge waveguides.    The air filled 
sections will serve as the impedance transformers. 
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RIDGE WAVEGUIDE TEST SECTION 

a) TEST SECTION 

rl  INPUT 

b) DETAILS OF RIDGE SECTION 
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Preliminary calculations assuming 1 rail sample thickness have indicated that 
open circuited lines,  because of losses, will already be fairly well matched to the 
50 ohm input line.    The major contribution to the losses,  assuming semi-insulating 
semiconductors,  will be  copper losses in the ridge section.    Therefore,  the surfaces 
in the ridge section will be ground flat and be highly polished. 

In conclusion.  We have shown that less than ^0 watts of microwave power can 
provide the desired level of modulation.    For the synchronous traveling wave approach, 
the bandwidth is limited only by the large impedance transformation.    Obtaining a 
1,5 GHz bandwidth should present no problem.    For the synchronous standing wave 
approach,  the bandwidth of the modulator itself is 2.5 GHz; however,  because some 
impedance transformation is required to a suitable input line,   the effective value 
will be lower.    Again the 1.5 GHz bandwidth should be attainable. 
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